Background: The site-distribution pattern and relative risk of subsequent primary malignancies (SPMs) in colorectal cancer (CRC) patients remains to be determined. Materials and methods: A population-based cohort of 288,390 CRC patients diagnosed between 1973 and 2012 from the Surveillance, Epidemiology, and End Results database was retrospectively reviewed. Standardized incidence ratios were calculated to estimate the relative risk for SPMs. Results: The overall risk of SPMs increased in CRC patients (standardized incidence ratio 1.02) in the first 5 years after CRC diagnosis compared with that in the general population, and was negatively related to age at diagnosis. Risk increased significantly for cancers of the small intestine, ureter, colorectum, renal pelvis, endocrine system, and stomach, and decreased significantly for cancers of the gallbladder, liver, myeloma, and brain, as well as lymphoma. Patients with different prior CRC subsites showed specific sites at high risk of SPM. Prior right-sided colon cancer was associated with cancers of the small intestine, ureter, renal pelvis, thyroid, stomach, pancreas, and breast and prior left-sided colon cancer associated with secondary CRC, whereas rectal cancer was associated with cancers of the vagina, urinary bladder, and lung. Conclusion: Risk of SPMs increases in CRC survivors, especially in the first 5 years after prior diagnosis. Intensive surveillance should be advocated among young patients, with specific attention to the small intestine, colorectum, renal pelvis, and ureter. The common sites at high risk of SPM originate from the embryonic endoderm. Genetic susceptibility may act as the main mechanism underlying the risk of multiple cancers.
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Introduction
Colorectal cancer (CRC) is the third-commonest cancer worldwide and the second-commonest cause of cancer-related death in Western countries. 1 Since the widespread adoption of screening methods, including colonoscopy and fecal occult blood test, an increasing number of CRC patients are being diagnosed with localized disease. 2 Curative surgery for CRC patients with limited metastases in the liver or with solitary metastasis in the lung can be successfully performed by multidisciplinary teams. 3 Targeted treatment also considerably improves the survival of CRC patients with distant metastases. 4 A long life exposes these survivors to the possibility of developing secondary or additional primary malignancies.
Studies have found that patients previously diagnosed with CRC are at higher risk of second primary CRCs than the general population. [5] [6] [7] 
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Yang et al adenoma and a family history of CRC are risk factors for developing a second primary CRC. [8] [9] [10] From a clinical perspective, subsequent primary malignancies (SPMs) may occur in any organ of the human body besides the part of the colorectum resected by prior surgery. The aim of the present study was to clarify the unique site-distribution pattern and relative risk of SPMs among CRC survivors and to identify patients who are at increased risk of developing SPMs.
Materials and methods
Data source
The National Cancer Institute's Surveillance, Epidemiology, and End Results (SEER) program database was used to identify the cohort of patients analyzed in the present study. SEER currently collects cancer-incidence and -survival data from population-based cancer registries covering approximately 30% of the US population (http://seer.cancer.gov). The SEER data contain no identifiers, and are publicly available for cancer-epidemiology and health-service research studies. The population-based SEER database has a well-defined data collection and extensive quality standards to ensure that the information is accurate. Permission to access the research data was obtained. The study was approved by the review board of the First Affiliated Hospital of Xi'an Jiao Tong University. The SEER 9 registry data, including individual data from 1973 to 2012 from nine registries (Atlanta, Connecticut, Detroit, Hawaii, Iowa, New Mexico, San Francisco-Oakland, Seattle-Puget Sound, and Utah), were used by the SEER Stat software to estimate the standardized incidence of SPMs in CRC cases.
study population
The specific inclusion criteria were as follows: patients diagnosed with prior cancer between 1973 and 2012; site record ICD-O-3/WHO 2008 limited to colon and rectum; and histological type ICD-O-3 limited to adenocarcinoma (8140). Patients were excluded if documentation of age at diagnosis was lacking or if it was reported only on the death certificate or autopsy. Patients diagnosed with CRC were followed until their death or the 2012 year's end. Information on SPM development was documented. SPM required a minimum latency period of 6 months after the prior CRC diagnosis to exclude synchronous primary malignancies (PMs). Therefore, participants who were followed 6 months or had SPMs diagnosed within the first 6 months after the diagnosis of CRC were not enrolled. Information on age of diagnosis with prior CRC, sex, latency period, sites of SPM, and location of index CRC was extracted from the database.
The cohort consisted of 233,890 patients who were diagnosed with primary pathologically confirmed adenocarcinoma of the colorectum.
statistical analysis
Multiple primary standardized incidence ratios (SIRs) were calculated using SEER Stat software version 8.2.1 to determine the relative SPM risk among this cohort. The SIR represents the ratio of the observed to the expected number of incident-cancer cases based on the corresponding segment of the US general population according to age in 5-year intervals, sex, and calendar year by the specific stratified person-time variable accrued from the CRC cohort. Data on cancer incidence among the general population were retrieved from SEER 9 Regs Research Data Nov 2014 Sub. More detailed information on both SEER Stat software and the method the software uses to derive the SIRs is available on the SEER-registry website (http://seer.cancer.gov/seerstat). SIRs were determined for subgroups defined by age, latency, and sex. Additionally, cases were stratified according to the anatomic subsite of prior CRC into three groups: right-sided colon cancer, left-sided colon cancer, and rectal cancer. The right-sided colon cancer group included cancers emerging at bowel segments between the cecum and the transverse colon, whereas the left-sided colon cancer group included cancers occurring at bowel segments between the splenic flexure and the rectosigmoid junction. In further stratified analyses according to tumor location, sex, and age, all patients were grouped into two groups according to age: 60 and 60 years. Evaluation of the confidence intervals (CIs) of SIRs was used to determine any overlap.
Results
Based on the aforementioned criteria, 33,047 SPMs were identified in 28,863 CRC patients from the SEER database, including 16,618 (57.6%) men and 12,245 (42.4%) women, with a median age of 68 years at the time of diagnosis (interquartile range 60-75 years) ( Table 1) . A total follow-up time of 1,628,144 cumulative person-years at risk was calculated, with a mean of 6.97 person-years at risk.
Compared with the incidence in the general population, CRC patients had a higher overall risk of SPM (SIR 1.02, 95% CI 1.01-1.03), especially for solid tumors (SIR 1.05, 95% CI 1.04-1.06) (Figure 1 ). The risk increased mainly for cancers of the small intestine (SIR 3.09), ureter (SIR 1.5), colorectum (SIR 1.47), renal pelvis (SIR 1.27), endocrine system (SIR 1.2), and stomach (SIR 1.15). Conversely, risk decreased significantly for the gallbladder (SIR 0. Most of the increased risk was concentrated in the initial 5 years after primary diagnosis (Figure 2 ). The risk increased progressively for all solid tumors in the second 5 years. After 10 years, the risk decreased for SPMs of all sites, becoming similar to that in the general population for all solid tumors.
A strong inverse relationship was observed between SIRs and age at primary CRC diagnosis (Figure 3 The overall risk for SPMs was higher in women with CRC (SIR 1.07, 95% CI 1.06-1.09) and lower in men with CRC (SIR 0.98, 95% CI 0.97-0.99) than in the general population ( Figure 4 ). The risk increased consistently for the stomach, small intestine, colorectum, ureter, and the endocrine system, and decreased consistently for the liver, gallbladder, brain, and hematological malignancies in women and men. The relative risks for several cancers differed between men and women. Compared with the general population, lung cancer was more frequent in women with CRC and less frequent in men with CRC. The risk of prostate cancer increased in men, whereas in women the risk of uterine and vaginal cancer increased and that of ovarian cancer decreased.
There was an inverse relationship between the overall SIRs and the subsites of primary diagnosis: 1.09 in rightsided colon cancer, 1 in left-sided colon cancer, and 0.93 in rectal cancer. There were significant differences in the risk estimates for various malignancies among the three subsite groups ( Figure 5 ). For right-sided colon cancer survivors, cancer risk was highest for the small intestine, ureter, renal pelvis, thyroid, stomach, pancreas, and breast; in left-sided colon cancer patients, risk was highest for the colorectum; and in rectal cancer patients risk was highest 
Discussion
Improvements in the survival of CRC patients have led to several studies investigating second primary tumors in the survivors; 11-13 however, there are few studies focusing on all SPMs in all possible sites. The results of the current study indicated that CRC survivors have a 2% higher overall risk of developing SPMs than the general US population. Lee et al found a 13% higher risk for secondary primary cancer in CRC survivors in Taiwan. 11 Although the reasons for the differences in relative risk are not clear, they may be attributed in part to the different populations included in the SEER and the Taiwanese cohort. Different incidence rates were reported for each PM in different populations. 14, 15 Regarding secondary primary CRC, the cumulative incidence rate of 12% observed in the present study was considerably higher than the 3%-6.3% rate reported in previous studies. 16, 17 The difference could be attributed to the fact that the current study involved all the SPMs related to all body sites besides secondary cancer located at the residual part of the colorectum, as well as a much longer follow-up duration. The risk of SPMs increased with time from the diagnosis of primary CRC, mostly in the first 5 years. According to the current National Comprehensive Cancer Network guidelines, CRC patients should be screened regularly for disease recurrence or metastasis. The results of the present study support an intensive follow-up strategy in the first 5 years for CRC patients and highlight the possibility of SPM occurrence. In addition, the risk of subsequent CRC increased more obviously in patients with left-sided colon cancer, followed by those with right-sided colon cancer and rectal cancer; therefore, colonoscopy surveillance is especially important in these patients during their follow-up visits. The lower the age of patients at the time of diagnosis of primary CRC, the higher the risk of developing SPMs, with an SIR 5 in patients 40 years or younger and an SIR of 2.6 in patients 50 years. In an earlier study, old patients were found to be at higher risk than young patients. 11 Age 70 years was even considered an independent predictor for second primary cancer. However, the present study indicated high risk in young patients, in agreement with most previous studies, 12, 18, 19 and this risk existed regardless of sex and prior tumor location. CRC patients aged 50 years, especially those with a positive family history, were at higher risk of secondary primary cancers, suggesting that they should be screened for hereditary CRC.
Lynch syndrome was associated with an increased risk of certain malignancies in the colorectum, uterus, ovary, stomach, small intestine, urine epithelial tissues, central neural system, pancreas, and breast, whereas familial adenomatous polyposis was associated with a high tendency to develop cancers derived from the thyroid and duodenum. [20] [21] [22] [23] [24] The current study indicated that the risk of cancer was high for the small intestine, colorectum, uterus, renal pelvis, thyroid, and stomach in CRC survivors, especially in young patients, whereas it was low for cancers of the gallbladder, liver, and 
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Yang et al brain, as well as myeloma and lymphoma, especially in old patients. The sites with increased cancer risk identified in the present study are included in the screening strategy for hereditary CRC. This relationship indicates that multiple malignancies subsequent to CRC and hereditary CRC may be derived from a common entity. Evidence for such a hypothesis was provided by a recent study based on the long-term follow-up of twins, in which the heritability risk was reported to be 15% and 14% for colon and rectal cancer, respectively, consistent with the cumulative incidence of multiple PMs. by Lee et al. 11 These authors showed that the risk of thyroid, prostate, ovary, and hematological system cancers increased in patients with colon cancer, whereas patients with rectal cancer showed an increased risk of bone and soft-tissue cancers and a decreased risk of liver and gallbladder cancers. The present study confirmed the difference between patients with colon cancer and rectal cancer, and identified a difference between patients with right-sided and left-sided colon cancer. Studies have indicated that the risk for metachronous colorectal tumors is higher in patients with right-sided colon cancer than in those with left-sided colon cancer; 16, 35, 36 
37,38 Based on a detailed classification of primary CRC subsites in the present study, the risk of multiple primary cancers gradually decreased from patients with right-sided colon cancer to those with left-sided colon cancer and to rectal cancer. The overall risk of all SPMs increased in patients regardless of age and sex.
Moreover, patients with different prior CRC subsites had specific high-risk sites. Patients with right-sided colon cancer were at high risk of developing cancers of the small intestine, ureter, renal pelvis, colorectum, uterus, and thyroid, whereas patients with rectal cancer had higher risk of cancers of the vagina, bladder, and lung. In patients with left-sided colon cancer, the risk decreased for most cancers, except secondary primary CRC. These results suggest that attention should be paid to the specific sites at high cancer risk in each patient during follow-up. Cancers located in the right-sided colon have a high frequency of genetic variation in certain genes, including mismatch repair and BRAF, and these genes are associated with germ-line mutations. The high occurrence of multiple primary cancers in patients with right-sided colon cancer may be supported by the existence of such molecular changes.
A recent study found that cumulative radioactive iodine dose is predictive of all second PMs combined among thyroid cancer survivors. 39 Davis et al also found that patients with prostate cancer who receive radiation are at high risk of developing bladder (SIR 1.42) and rectum (SIR 1.7) cancers. 15 Consistent with these studies, the present study showed that radiotherapy was associated with high cancer risk, especially for uterus and urinary bladder cancers (Table S1 ). This underscores the importance of protecting the pelvic organs during radiotherapy in patients with rectal cancer. In addition, risk of SPM was analyzed on year of diagnosis, race, SEER summary stage, and tumor grade (Tables S2-S5 ).
The present study had several limitations. First, detailed information on patient follow-up or specific recommendations Most previous studies report a low incidence of hereditary CRC. Lynch syndrome, the most common hereditary malignancy, has an incidence of 1% and accounts for 2%-5% of all CRC cases, 26, 27 which is less than the cumulative incidence of multiple PMs. Hereditary CRC may be recognized as a typical representative group for multiple primary cancers. However, most patients with multiple primary cancers other than hereditary CRC differ from sporadic CRC patients regarding age. Further investigation is necessary to identify additional clinicopathological characteristics for differentiating these patients from all CRC patients.
A strong relation between CRC and urologic cancers was observed in a previous study. 28 Among CRC patients, the risk was reported to increase for prostate and esophagus cancers in one study and for lung cancer in another study.
13, 29 The current study indicated an increased risk of cancers of the digestive system, urinary tract, and endocrine system in overall CRC patients, specifically for cancers of the respiratory system and genital system in women, whereas a similar or even reduced risk of malignancies of the nervous system and hematologic system was observed. Regarding cell derivation, epithelial tissues from all the systems at increased cancer risk were traced to stem cells from the embryonic endoderm, whereas systems with unchanged or reduced cancer risk stemmed from the ectoderm and mesoderm. This indicated a high concordance between the origin of tissue and sites where multiple PMs occurred. Because of this phenomenon, genetic susceptibility, a known risk factor for cancer, was considered the main pathogenetic factor in multiple PMs, especially genes with a high incidence of germ-line mutations, which play an important role in hereditary CRC.
CRC patients with genetic variations are at high risk of relative malignancies. Deficient mismatch repair or BRCA1 and BRCA2 variations were associated with increased risk of cancers of the colorectum, uterus, ovary, breast, stomach, and pancreas. MUTYH gene variation was associated with increased risk of colorectum, stomach, uterus, and breast cancers. EPCAM gene variation was associated with increased risk of gastric cancer. Many other genes, including SMAD4, STK11, BMPR1A, TPX, AURKA, and SEMA4A, were also reported to play important roles in the pathogenesis of multiple PMs. [30] [31] [32] [33] In addition to the genes listed, genome-sequencing technology has shown that germ-line mutations of POLE and POLD1 are centralized in patients with multiple CRC and associated with endometrial cancer predisposition. 34 The association between the risk of multiple PMs and the primary CRC subsite was reported previously in a study
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Yang et al for CRC surveillance was lacking, as well as specific advice regarding surveillance methods. Second, information on family history could not be obtained from the database, which made it difficult to screen patients with hereditary CRC. However, the incidence of hereditary CRC is low. The large sample size of the present study makes it representative of the entire population. Third, data on genetic variation was lacking, and direct comparisons at the molecular level were not possible. Detailed data on genetic variation are necessary to identify patients at high risk to perform individual surveillance in future studies.
In conclusion, based on a large sample size and long follow-up duration, the present population-based study showed that CRC survivors have an increased risk of developing multiple PMs, especially in the first 5 years after the initial CRC diagnosis and in young patients. The common sites at high risk of multiple PMs were primarily associated with tissues derived from the embryonic endoderm, including epithelial tissues of the digestive, urologic, endocrine, and female genital systems. Patients with different primary CRC subsites showed specific high-cancer-risk sites. These results suggest that genetic susceptibility is the main mechanism underlying multiple-cancer risk. Detailed information on genetic variation is necessary to identify patients at high risk of developing multiple primary cancers and to design individual surveillance programs.
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